Membrane-bound receptors that catalyze G-proteins (GPCR) are thought to have diversified from a gene duplication occurring prior to the separation of Eukarya and Archea 3.5 billion years ago (1, 2) . One of the major innovations in the Eukarya was a disulfide bridge between the 3rd and 5th helices near the membrane-aqueous interface on the exterior (or oxidizing side) of the receptor. This bridge is reported in all animal rhodopsins and the majority of GPCRs. The disulfide bridge clearly has a structural role (3) and a functional role is suggested for the ␤-adrenergic receptor (4) .
Since the seemingly dissimilar ␤ 2 -adrenoreceptor, rhodopsin and the parathyroid hormone receptors are similar structurally and mechanistically (5), we expect all eukaryotic rhodopsins to be functionally similar. Therefore, using the advantages of the single celled green alga, Chlamydomonas reinhardtii, we investigated in vivo the role of the disulfide bridge in receptor activation. We tested whether externally applied reducing agents trigger activation of rhodopsins and whether a reductive disulfide cleavage occurs normally in vivo during the activation by light. C. reinhardtii rotates as it swims, scanning the environment with a single lateral eye (6) . The scanning gives rise to the cell's phototaxis, an ability to swim relative to a source of light. Because of the easy access of retinal analog to opsin in the plasma membrane, the C. reinhardtii system has been particularly successful for in vivo experiments. The large signal amplification inherent in this cell has been exploited to show that isomerization, detachment of the chromophore and protonation of the chromophore are not required for rhodopsin activation. However, there must be a dipole moment change with an asymmetrical charge distribution on activation (7, 8) . The chromophore can be very short implying that only the electronic change near the imine bond is critical as has been confirmed by the constitutive activity of T94I (9) and G90D (10) . Part of this work was presented as a preliminary report (11) .
MATERIALS AND METHODS
Culture and incorporation of retinal analogs were previously described (1).
Reducing agents. The cell suspension was spun down and the pellet was resuspended in NMM (nitrogen-free minimal media, 12) to a concentration of 10 7 cells/ml. The reducing agents, DTT and MAA were dissolved in NMM and distilled water in the concentrations of 1 and 0.5 M, respectively. They were added to 1.5 ml of the cell suspension in a small plastic Petri dish to the specified concentrations and then dark incubated for 30 min. Light induction was as described previously (1) .
Bleaching (with or without SH-trapping agents) and phototaxis assays. The cell suspension of 10 ml was transferred to a plastic Petri dish and bleached by light 500 or 508 nm (3-cavity interference filters, 0.159 eV bandwidth, Barr Associates, MA) for 10 min. The SH-trapping agents (Molecular Probes, except ThiolyteMQ from Calbiochem) were dissolved in NMM or as indicated in the Tables and added to the cell suspension to the specified final concentrations 15 min before bleaching. Phototaxis threshold was measured immedi-ately after bleaching or dark incubation as previously described (1, 7, 12) using a 546-nm, 10-nm bandwidth, 3-cavity interference filter (Microcoating, Inc., MA). Phototaxis sensitivity is the reciprocal of the threshold and is proportional to the number of molecules of activatable rhodopsin.
Decreased oxygen level. Concentration of oxygen in the test media (NMM) was decreased using the enzyme Oxyrase (30 U/ml, Oxyrase, Inc., Ashland, OH) 12 l/ml of NMM in the presence of lactic acid as a substrate. The media was incubated with the enzyme and substrate in an air-tight container at 55°C for 10 min. The low-O 2 NMM was cooled down to 22°C. FN68 incorporated with retinal 10 M and vitamin E overnight was spun down, resuspended in the low-O 2 NMM for phototaxis assays in a sealed Petri dish flushed with nitrogen. A control sample was prepared the same way but omitting Oxyrase.
Presentation of results. The increases and decreases in phototaxis sensitivity are expressed on a log scale to the base two. The octave or log 2 scale is particularly convenient as one-half sensitivity corresponds to Ϫ1, twice the sensitivity to ϩ1, and no change to 0.
RESULTS AND DISCUSSION
Retinal synthesis is induced by light in vivo. In the dark, FN68 synthesizes opsin, but not carotene or retinal. When retinal synthesis is induced by light, the retinal combines with opsin to form rhodopsin, and the cell recovers phototaxis (1) . Since the phototaxis sensitivity of cells is proportional to the concentration of rhodopsin, the increase in sensitivity measures the retinal synthesized after induction. Light induction depends linearly on light exposure and on the rhodopsin concentration. Further, the action spectrum of light induction is identical with that for native rhodopsin mediated phototaxis. Incubation with all-trans-7,8-dihydroretinal before light exposure shifts the actionspectrum peak for light induction 0.41 eV (Ϫ71 nm) relative to native rhodopsin showing that rhodopsin is the inducing photopigment.
Retinal synthesis can also be induced by chemicals in the dark in vivo. Certain chemicals also induce retinal synthesis, probably by acting in the same signaling pathway as light. For example, dibutyryl-cAMP (100 M) incubated with the cell suspension in the dark for 45 min increases the phototaxis sensitivity by a factor of 160 times corresponding to a log 2 change of 7.3. 3-Isobutyl-1-methyl-xanthine at 400 M produces a similar increase. Also of particular interest is that ATP␥S and GTP␥S at 400 M increase phototaxis sensitivity relative to their control, by 4.3 and 5.3, respectively on the log 2 scale. This positive result implies that C. reinhardtii has the convenient ability to transport these compounds to their sites of action. This is not too surprising for an organism using its periplasmic space as a cell compartment. These chemical inducers probably activate the transduction pathway.
Reducing agents induce retinal synthesis in the dark by acting on rhodopsin.
There is a linear increase (slope approximately one on the log-log plot) of phototaxis sensitivity with increasing amount of MAA ( rectly on rhodopsin. Since rhodopsin is known normally to be an initiator of signaling not an intermediate within a signaling pathway, if another protein were the initiator it is unlikely that the amount of rhodopsin would make any difference. Hexenal was used because it forms an analog rhodopsin that is spectrally distinct (blue shifted) from the induced rhodopsin which uses biosynthesized retinal. n-Hexenal does not improve 500 nm light induction because it doesn't absorb light at this wavelength. These results imply that the signal for induction comes from reduction of rhodopsin.
As with light induction retinal is synthesized since the action spectrum of the pigment induced by reduction is exactly that for native rhodopsin (Fig. 2) . Finally, G-protein pathway inhibitors, GDP-␤-S and pertussis toxin, block induction by light or reducing agent (Table 2) indicating that the inductions go through the same signaling pathway. Activation by a reducing agent appears similar to that occurring in the ␤-adrenergic receptor (4) except that in the ␤-adrenergic case the reductive activation does not require a ligand. With rhodopsin activation the reduction critically depends on the presence of a chromophore (prior incorporation of subsaturation doses of retinal or its analog such as hexenal or hexanal). This is quite plausible given the anticipated large conformation change on chromophore incorporation as seen for bacteriorhodopsin (13) .
A further test. If light and reducing agents induce retinal biosynthesis by the same pathway at the same site then reducing agents should compete with light in phototaxis with a parallel shift in response and reduced sensitivity of the cells. Addition of DTT just before the phototaxis assay raises the phototaxis threshold of FN68 previously saturated with retinal (Fig. 3) . The parallel shift of the response indicates that reduction of disulfide bonds reduces the amount of activatable receptors in the same way as bleaching by light and implies that reduction must be in the rhodopsin itself. If the relevant S-S bond was in a different protein the slope of response might be changed, but the threshold for the rhodopsin would not change because it is strictly proportional to the concentration of activatable rhodopsin receptor molecules.
The reductive disulfide cleavage can be trapped in vivo.
Having shown that reduction is sufficient to cause activation of rhodopsin, the question becomes whether the reduction occurs during the normal pho-
FIG. 2.
Two sets of action spectra for DDT-induced rhodopsin in FN68 preincorporated with n-hexanal (25 M) and vitamin E overnight. The incorporated sample was spun down and resuspended in NMM before adding DTT (10 mM) and incubated in the dark for 30 min before phototaxis assays. tocycle triggered by light. An attempt was made to trap sulfhydryl (SH) groups exposed as a result of rhodopsin activation ( Table 3 ). The condition of no sulfhydryl agent or light was used as a reference. As with animal rhodopsins, exposure to strong light reversibly reduces phototaxis sensitivity. In the absence of strong light, SH-trapping agents have no effect on phototaxis threshold when opsin was saturated with retinal. However, SH-trapping agents in cells exposed to strong light irreversibly decrease phototaxis sensitivity (Tables 3 and 4). This suggests that during photoactivation new SH groups become available and bound. Their binding prevents further activation of these receptors. Table 4 compares the effect of SH-trapping agents on bleached versus unbleached cells. Table 5 shows that SH-trapping agents potentiate the effects of reducing agents and light. Since membrane impermeable SHtrapping agents work (Tables 3-5) , unlike the inaccessible disulfide bridge in bovine rhodopsin (14) , photoactivation must split an externally accessible disulfide cross-bridge. Further, the reaction is specific to SH since the SH selective agent, didansyl-L-cystine, is effective (Tables 3-5) .
TABLE 2

Effect of G-Protein Inhibitors on Induction of Retinal Synthesis by Reducing Agents and Light in FN68
Oxygen is required to recover phototaxis sensitivity after rhodopsin activation. If the disulfide is reduced during activation, oxygen may be required for recovery of phototaxis sensitivity since the disulfide might have to be restored for the next photocycle. After bleaching, cells in low-O 2 NMM did not recover sensitivity as well as those in normal O 2 levels (Table 6 ). We also found that an SH trapping agent is more effective the longer the SH groups are available due to slowing their reoxidation.
Other evidence for disulfide reduction in the normal photocycle. During the rho3 Meta II transition a positive FTIR difference band has been reported for bovine rhodopsin near 2550 cm Ϫ1 with a low frequency shoulder (15) . This was assigned on the basis of its frequency and isotope shift to the S-H stretching mode of one or more cysteine residues. Time-resolved studies at low temperature (Ϫ10 to Ϫ15°C) show that the intensity of this band at low temperature correlates with the formation and decay kinetics of the Meta II intermediate. The authors suggest that this band might arise from a transient cleavage of the disulfide bond between cys- 
Implications of the disulfide reduction in the normal activation pathway.
Close proximity of the cysteine residue 110 of bovine rhodopsin, one turn of the ␣-helix away, to the suggested counter-ion 113 makes their interaction very plausible. Particularly, because the imine nitrogen of the chromophore deprotonates at the beginning of Meta II and probably Glu113 protonates. Since the acid groups near disulfides are probably serving to suppress thiolate formation that reduce disulfides by nucleophilic attack, this change could result in the observed disulfide cleavage. Whether the disulfide also breaks in the absence of the imine-nitrogen protonation, is not known.
Our results suggest that in vivo disulfide reduction may begin opening the tightly packed cytoplasmic face of the protein (Meta IIb). The large difference in the hydrophobicity and solubility of disulfide versus sulfhydryl (SH) groups [cystine (S-S) solubility is 10 Ϫ3 of cysteine (SH)] (16) favor the disposition of the sulfhydryls in the aqueous phase. Conformation change and/or charge movement might tug the 3rd helix more perpendicular to the membrane. Most importantly, a route to protonate Asp134 (17) might be opened and on protonation result in right-handed rolling (clockwise as viewed from the outside) of the 3rd helix against the even (2, 4, and 6) helices due to electrostatic repulsion at that level in the protein (18) . In the rotating F0F1 ATPase (19) a similar right-handed rolling is seen for the H2 helix of the c component of F0 when its Asp61 is protonated. Possibly the MotB protein also rolls on Asp32 protonation in bacterial flagellar motors (20) . The motion would throw apart the closely neighbouring and positively charged inward ends of the even helices that probably lie in the same plane relative to the membrane (21) . This entropic opening of the inner region should make this new metastable conformation temporarily irreversible. One final speculation is that the proximity of positive and negative charges may polarize the highly conserved tyrosines located at the negative cytoplasmic end of the odd alpha helices favoring their movement into the aqueous environment where they might potentiate the negativity of the cy- Note. Cells were in NMM with retinal 10 M and lactic acid 5 mM, pH 8.4 (7.5); without (*) and with (**) Oxyrase.
toplasmic surface attracting and binding the uniquely positive surface of transducin (22) .
Summary.
Breaking an exterior disulfide bond by reduction activates Chlamydomonas rhodopsin in the absence of light. With light a disulfide bond accessible from the outside is broken and may be irreversibly trapped preventing further activation. Both of these signals go through a G-protein to control gene expression (synthesis of native retinal) in C. reinhardtii. This cleavage may lead to increased proton accessibility of Asp134 leading to the rolling of the 3rd helix and MetaIIb formation.
